Determining geomechanical characteristics of rocks plays a signifi cant role in all consequent designing stages of geosciences. On the other hand, drilling is one of the considerable operations in the primary phases of extracting rocks. The drilling process produces acoustic signals as a by-product of drilling. Hence, one possible way for predicting geomechanical properties of rocks is by employing acoustic signal frequencies, which are produced during drilling. This process helps geoengineers determine rock characteristics in a short time with low-cost and satisfying precision. This research tries to develop some novel computational relations between geomechanical characteristics of sedimentary rocks and the produced dominant acoustic frequencies by implementing Fast Fourier Transform (FFT). For this purpose, a novel rotary drilling machine was developed by researchers. In order to introduce a reliable model, 10 diverse sedimentary rock samples from various sedimentary basins of Iran were gathered in a wide range of geomechanical features, and all tests were carried out on them. The results of this research could be used for sedimentary basins' characterization. The results show that there are reliable mathematical relations between various characteristics of sedimentary rocks (Uniaxial Compressive Strength (UCS), Tensile Strength (TS), porosity and hardness) and diverse dominant frequencies.
Introduction
The determination of physical and mechanical properties of rocks is one of the construction engineers' main concerns in different downstream designations. There are several considerable complexities about determining the geomechanical properties of rocks. One of the major problems with this issue is time-consuming, which is not always complete and satisfactorily solved using conventional approaches. The other problem is the cost of this operation, which depends on the project location, regional facilities, the availability of accredited laboratories and so on. Another important factor in defi ning these features is accuracy, which is entirely dependent on the designing level and type. One major disadvantage of conventional methods for determining geomechanical features is the destructive nature of those tests.
Rock drilling is a fundamental process in construction-related projects. Generally, the drilling process always produces acoustic signals as a by-product. This sound is generated as a result of the collision of the drill bit and the rock mass, regardless of the type of drill bit or drilling materials. During the drilling process, determinacy of the rock type and its geomechanical characteristics has a particular importance. Drilling has a direct relationship with the type and geomechanical properties of the intact rock. One possible way for achieving the physical and mechanical features of rocks is analyzing the sound generated during drilling.
Acoustic emission studies in rocks began by Obert in 1941 and Obert and Duvall in 1942 to predict rock burst in mines (Obert, 1941; Obert & Duvall, 1942) . After these studies, researchers focused on changes of acoustic wave amplitude over a frequency band with increasing tension (Byerlee, 1978 After 2000, acoustic studies in rocks experienced a new phase. The basis of these studies was the sound simultaneously produced during drilling. Researchers tried to establish a logical relation between the physicalmechanical features of rocks and the generated sound. In 2001, the identifi cation of rocks during drilling was investigated by Zborovjan using audio signal analysis. In this study, it was proved that acoustic frequencies caused by drilling are between 5,000 and 8,000 Hz and fewer spectrum signals are emitted with the engine and cooling fl uid drainage (M Zborovjan, 2001 Vardhan et al. to investigate the effect of sound levels in the characterization of rocks. They came to the conclusion that sound level produced during drilling will change with variations of rock properties Previous studies have used CNC machines for the drilling operation. These facilities are only available in fully-equipped research centers. Using these devices, the cost of studies signifi cantly increases and research becomes purely laboratory work in a particular time and place. This limitation reduces the validity of the study.
In this study, using a novel rotary drilling machine, which was designed and constructed by the researchers, drilling tests have been executed. This low-cost device with adjustable thrust force, rotational speed, material and diameter of the drill bit and audio recording capability, dramatically reduces the test costs. This machine makes it possible to extend the results of the study to different places.
Previous studies indicate that, generally, there are logical relationships between different rocks' features and the sound level of the drilling operation. In a majority of these studies, the sound level of drilling is measured and further analysis on acoustic signals have been avoided. As it has been noted in previous studies, it is necessary to use other analyzing methods such as Fast Fourier Transform (FFT) for transferring data to the frequency domain (Vardhan & Bayar, 2013) .
In this study, for the fi rst time, it has been tried to investigate a non-destructive testing model for providing mathematical relationships between the geomechanical properties of rocks and acoustic signals of the drilling
The Mining-Geology-Petroleum Engineering Bulletin and the authors ©, 2018, pp. 17-25, DOI: 10.17794/rgn.2018.2.2 process. For achieving this goal, the drilling regime (thrust force behind the drill bit, rotational speed, the material and diameter of the drill bit, sound recording system) should be completely controllable. This purpose was achieved by manufacturing the presented novel rotary drilling machine.
Materials and methods

Developed Rotary Drilling Device
The construction of this device is based on fi xed rotary drilling equipment. In order to create the appropriate conditions, affecting the variables of the drilling regime such as thrust force behind the drill bit, drill bit rotational speed, sound recording, cooling fl uid fl ow, the diameter and material of the drill bit should be controllable. The constructed device includes different components that every section controls one of the infl uencing factors (see Figure 1) .
The device contains the following mechanisms: A. Electrical motor: The task of this part is rotating the drill bit with different speeds. The rotational speed can be adjusted by changing the position of the double section straps on the upper part of the device. This speed is customizable between 210 RPM and 2580 RPM. B. Thrust force suppliers: In order to generate equal conditions for all drilling tests, thrust force should be fi xed behind the drill bit. For this purpose, two symmetrical steel arms are connected just above the drill bit, which must bear the installed weights. This symmetry leads to apply a zero torque to the drill bit. For kipping weights, fi xed and stable at the end of the arms, two steel bolt rings were used. These rings decrease the sound and vibration produced by the collision of the weights together. For further reduction of these unwanted phenomena, a plastic cover is used in the outer surroundings of the weights. Similarly, in order to diminish the emitted sound induced by the collision of the weights and steel arms, plastic coverage is implemented in the inner surroundings of the weights. C. Holder pillar of the engine: electrical motor and weights are installed on a holder pillar. Furthermore, this pillar controls the vertical movement of the drill bit with considerable accuracy. ing process transfers to a water reservoir in the bottom part of the device and discharges using an embedded valve. I. Microphone: A focal microphone is responsible for recording acoustic signals during drilling. By connecting the microphone to the computer, this helps to record the desired audio signal. An AR-321 focal microphone with remarkable sensitivity is used for this experiment. For achieving acceptable and reliable results, this part should be selected carefully. The employed microphone should focus sound recording on the collision spot of the drill bit and samples. The microphone should be able to record the sound of drilling with the highest quality and minimal disruptive noises.
Dimensional sedimentary rocks (Travertine) Samples
10 different sedimentary rock samples were selected in a wide range of geomechanical and physical properties. As presented in the last section, this research attempts to fi nd mathematical relations for calculating geomechanical features of rocks by means of extracted dominant frequencies from recorded drilling operations. With the intention of this purpose, physical, mechanical, and drilling tests should be executed for all gathered samples. 7 types (see Figure 2 ) of samples are used for model development and another 3 are employed for validating the achieved results. Table 1 illustrates all the physical and mechanical specifi cations of these 7 samples.
For setting a fi xed condition in all the drilling tests, a standard dimension is specifi ed for drilling test samples by researchers. This standard dimension is defi ned based on the drilling device capacity, the dimensions of the keeping clamp, the diameter of the drilling and the penetration depth. After accurate exploration 9×9×9 cm 3 cubic dimension was selected for samples of the drilling tests. Geomechanical features of sedimentary rocks are determined to implement standards, which are mentioned in Table 2 .
Implementation of method
In the fi rst step, 9×9×9 cm 3 cubic travertine samples should be primed for drilling tests. Samples should be fi xed on a clamp in such a way that the orientation of the drill bit must be set in a defi ned point. The desired rotational speed should be established before beginning the drilling process. For achieving comparable outputs, the rotational speed of the drill bit is fi xed at 830 RPM by employing the double-part straps on top of the device. Additionally, the vertical force behind the drill bit should be fi xed at a favorable constant level during all drilling tests for all rock samples. The installed weights on symmetrical steel arms provide this goal for the system. 400 N force is applied to the system vertically by dividing itself equally into both sides of the arms (each side equals to 200 N). The selected drill bit is a diamond rotary one, 1.8 cm in diameter. As it stands, all the affecting parameters (vertical force, rotational speed, material, and diameter of the drill bit) on the drilling operation are fi xed on a constant condition through all the drilling tests. The drilling head of the bit has a V shape. There is a 2-3 mm vertical distance between the lowest point of the drill bit and the level of the drill bit's outer edges. After starting the drilling process, this distance should be penetrated for complete engagement of the drill bit and the rock sample. All the frequencies should be recorded after the entire engagement of the drill bit and the rock sample. In the following phase, the location of the focal microphone should be determined in a way that the longitudinal orientation of the microphone crosses the engagement point (of the rock sample and the drill bit). In this position, the focal microphone is concentrated on drilling frequencies and eliminates recording the undesirable environment audios (machine vibration noises, cooling fl uid splashing, surrounding sound, etc.). This capability of the focal microphone helps to pre-fi lter unwanted frequencies. A soundproof cable connects the focal microphone and the computer. The audio of all the drilling tests was recorded by a sampling rate of 48000.
The embedded water valve behind the drill bit provides cooling water for the drilling operation. In addition, the added water helps to reduce drilling dust and the coarse sound of this operation. The cooling water, the drill bit, and the penetration point of the sample reach each other in the collision point of the rock and the bit.
The drilling operation starts by pressing the start button. After that, the penetration distance reaches to complete the engagement distance, the system starts to record the generated acoustic signals. Acoustic signals record for 20 s, because former results indicate that audio samples more than 25 s do not help to get better outputs (Zborovjan, 2001; Zborovjan et al., 2003) . After recording the necessary audio, the rock sample is substituted with the next one. All the mentioned steps repeat for the new sample. The reserved cooling fl uid in the bottom reservoir discharges by releasing an embedded valve behind the reservoir. As mentioned, the rotational speed of drilling tests is fi xed at 830 RPM. This means that there are 1660 engagements of rock and the drill bit every minute. It should be considered that one complete engagement (as a representative sample of all 20 s of recorded audio) is enough for signal analysis because using additional cycles applies extra undesirable frequencies to the system. As a result, it takes about 0.07 s for an entire rotation of the drill bit. Figure 3 illustrates this fact clearly. This process is a kind of pre-fi ltering which prevents applying any unwanted frequencies and their disrupting harmonics to the system.
Results and Discussion
Drilling experiments are executed on seven different types of travertine with diverse geomechanical features. In the primary stage, the sound of the drilling process is recorded for 20 seconds. In the previous section, it is noted that 0.07 seconds representative cuts should be prepared for acoustic signal processing. In this time, the entire drilling surface of the rock is touched by the entire environment of the drill bit. The sampling rate of the recorded signals is 48000 Hz with a resolution of 32 bits. For providing a clear illustration of the recorded frequencies in the frequency domain, a linear spectrogram is extracted for divers drilling samples by the size of 4096 implementing the Hanning function as shown in Figure 4 . In Figure 4 , fi ve dominant frequencies for different samples are determined regarding the sound level (dB) of each frequency. There are shown using colorful dotted lines. These fi ve fundamental frequencies are representative indexes of rocks for eliciting geomechanical features. Drilling regime factors (rotational speed, vertical force, material, and diameter of the drill bit, cooling fl uid volume) for all tests were constant for attaining comparable outcomes. Five fundamental frequencies are shown in Table 3 for various samples.
Finally, all mechanical and physical features of the sedimentary rock (Travertine) samples are evaluated based on the aforementioned method. The main purpose of this research is developing a logical correlation between dominant frequencies and the physical-mechanical properties of sedimentary rocks. The linear regression method is used for examining the verifi cation and applicability of mathematical relations. Equations (1) to Table 4 .
For validating the results of the presented model, three different Travertine samples are separated from seven modeling samples. The measured and evaluated (using presented linear models) values and predicting errors (percentage) are compared in Table 5 . For clarifying of the accuracy of the models, the plots of predicting values against measured values are illustrated in Figure  5 . Obviously, all the suggested models have acceptable and reliable results and related errors are less than 10%.
Conclusion
One of the sensitive phases in all the fi elds of geoengineering is drilling. For exploring this operation, a novel laboratory-scale rotary drilling machine was designed (with the capability of controlling all drilling regime factors and recording acoustic frequencies of drilling). This process generates audio signals as an undesirable byproduct (noise pollution). On the other hand, determining the geomechanical features of rocks is one of the significant considerations of geoengineers. This research developed mathematical relations between the emitted drilling audio signals and the physical-mechanical characteristics of sedimentary rocks. For achieving this purpose, geomechanical and drilling tests were executed on 10 diverse travertine samples. Five dominant frequencies of drilling audio were extracted by FFT. All drilling tests were carried out by a novel rotary drilling machine, which was constructed by the researchers. All the factors of the drilling regime (vertical thrust force, rotational speed, drill bit diameter and its material, etc.) are manageable in this device and then all the results are comparable.
Finally, the results indicate that rock mechanical features of Travertine are predictable using dominant frequencies produced during the drilling operation. First, the dominant frequencies could be used as a predictor of tensile strength (TS). Uniaxial Compressive Strength (UCS) is prognosticated by implementing a second dominant frequency as a linear model. Porosity percentage and hardness of travertine have a respectively inverse and direct relation with third dominant frequencies. Statistical indexes show that the presented models are reliable and applicable for Travertine.
